We theoretically propose a novel spin-dependent electronic transport mechanism in which the spinunpolarized electron beam is split into different directions depending on spins at an atomic domain boundary in non-magnetic material. Specifically, we calculate the electronic transmission across a boundary between monolayer and bilayer of the transition metal dichalcogenide, and demonstrate that up-spin and down-spin electrons entering the boundary are refracted and collimated to opposite directions. The phenomenon is attributed to the strong spin-orbit interaction, the trigonally-warped Fermi surface, and the different crystal symmetries between the monolayer and bilayer systems. The spin-dependent refraction suggests a potential application for a spin splitter, which spatially separates up-spin and down-spin electrons simply by passing the electric current through the boundary.
Spin-dependent electron transport is a key ingredient in spintronics which exploits the spin degree of freedom for electronic devices. Particularly, the capability to manipulate spins purely by electric means is a desirable property, as it allows the combination with the conventional electronics. For the electrical control of spins without resorting to magnetic field, the spin-orbit interaction plays an essential role. A variety of spin-dependent transport mechanisms in non-magnetic materials, such as the spin-Hall effect 1 and the spin field effect devices 2 , are derived from the spin-orbit interaction.
In this paper, we theoretically propose a novel spindependent transport mechanism, referred to as spindependent refraction in the following, in which the spinunpolarized electron beam is split into different directions depending on spins at an atomic domain boundary in non-magnetic material. Specifically, we consider an atomic step between monolayer and bilayer of the transition metal dichalcogenide (TMD) as shown in Figure  1 (a) and demonstrate that up-spin and down-spin electrons entering from the bilayer side are refracted and collimated to opposite directions, as illustrated in Fig.  1(b) . The spin-dependent refraction effect can be exploited for a spin splitter, which spatially separates upspin and down-spin electrons simply by passing the electric current through the boundary, just like an optical refraction separating a light beam by the wavelength.
TMD recently attracts a significant attention as a novel family of two-dimentional material.
3-9 A hallmark of the electronic structure of the TMD monolayer is the correlation of the spin and valley degrees of freedom. Specifically, the valence band maxima located at K and K ′ valleys are spin split in the opposite direction between the two valleys as shown in Fig. 2 , and this is due to the strong spin-orbit coupling of the heavy transition-metal atoms and also the absence of the inversion symmetry in the lattice structure. The spin-valley correlated band structure leads to characteristic spin-dependent optical properties, which have been extensively studied in the recent years. [10] [11] [12] [13] [14] [15] [16] [17] . The properties of TMD atomic layers are also studied in terms of the electric and spintronic transport [18] [19] [20] [21] [22] [23] . Here we propose the spin-dependent refraction as a mechanism to manipulate the electronic spins in TMD without using optics or magnetic field. We calculate the electronic transmission probability across the monolayerbilayer boundary on several kinds of TMDs using the tight-binding model based on the first-principle band calculation, and actually show that the up-spin and downspin electrons are refracted different angles at the bound-ary. The phenomenon is attributed to the common characteristics of TMDs; the strong spin-orbit interaction, the trigonal warped Fermi surface, and the difference of the symmetry between the monolayer and bilayer TMDs. We find that the spin-dependent refraction effect is conspicuous in TMDs MX 2 with M = Mo, W and X = Se, Te, while it is not observed in the sulphides (X=S), where the carriers are fully reflected at the atomic step. Previously, the electron transmission property was studied for graphene monolayer-bilayer junction 24 , and it was shown that the electrons are refracted to different angles depending on K and K ′ valleys. In TMDs, a valley-dependent transport immediately leads to a spindependent transport, owing to the spin-valley correlation.
We consider an atomic junction between monolayer and bilayer of a single sort of TMD, as shown in Fig.  1 . Here we assume that one layer in the bilayer region is truncated at the y axis (zigzag direction), and the other layer continues to the monolayer region. The bilayer region takes the inversion-symmetric structure called 2H stacking, which is the most common phase in the bulk TMD. We also assume that the carrier density in the sample is controlled by a single gate electrode underneath and it is homogeneous over the whole system. To simulate this situation, we appropriately differentiate the electrostatic potential of the monolayer and that of the bilayer to achieve the given carrier density at the common Fermi energy. To describe the motion of electrons, we perform the first-principle calculation using the numerical package of quantum-ESPRESSO 25 , and obtain the electronic structure of infinite TMD monolayer and that of bilayer. From the obtained first-principle electronic density, we compute the maximally-localized Wannier function using Wannier90 package 26 and derive the tight-binding hopping parameters for bulk monolayer and bilayer. Finally, we apply the tight-binding model to the monolayer-bilayer junction to calculate the transmission probability with the Green's function method. 27 In the first principle calculations, we adopt the geometrical parameters for the crystal structure in Refs. 28 In the monolayer of each TMD, the valence band is spinsplit near the peaks at K and K ′ , where the spin is polarized to the opposite directions in two valleys. 31 In the bilayer, on the other hand, the energy bands are completely spin-degenerate due to the inversion symmetry of the lattice structure. We also notice that the valence band at the Γ point becomes relatively higher in bilayer than in monolayer. In MoS 2 bilayer, the Γ point is higher than the K and K ′ points by about 500meV, while in MoSe 2 bilayer the deference reduces to 100[meV], and in MoTe 2 bilayer, the Γ point is slightly lower than the K and K ′ . The band structures of the tungsten dichalchogenides WX 2 (not shown) exhibit a similar tendency where the Γ point energy becomes relatively lower for heavier chalcogenide atoms.
28,32
Now let us consider a TMD monoalyer-bilayer hybrid system. In Fig. 3 , we present some example of the calculated spin-dependent electron transmission in the monolayer-bilayer junction of hole-doped MoTe 2 at the electron density of n = −7.02 × 10 13 cm −2 . We first consider a situation where an incident electron comes from the monolayer region with the initial angle θ m , and transmitted to the bilayer region with the finial angle θ b , as shown in Fig.3(a) . Here we adopt the electron picture rather than the hole picture in describing the carrier transmission although the system is hole-doped. The traveling angle is defined by θ = arctan(v y /v x ) from the expectation value of the velocity (v x , v y ) of the corresponding electronic state. In Fig. 3(b) , the relation between the initial and final angles is plotted separately for up-spin and down-spin electrons. The corresponding transmission probability is plotted in Fig. 3(c) as a function of the incident angle θ m . Since the system is timereversal symmetric, Fig. 3(b) can be inversely viewed as the angle relationship (with spin inverted) for an electron coming from the bilayer region with the initial angle θ b and transmitted to monolayer region with the final angle θ m . Fig. 3(c) then represents the transmission probability as a function of the final angle θ m . Fig. 3(b) shows that the atomic step is highly angleselective for an incident carrier from the monolayer side, i.e. it allows to pass an up-spin electron only within a narrow range of angle −30
• < ∼ θ m < ∼ − 7
• , and down-spin electron only within 7
• < ∼ θ m < ∼ 30
• , while the transmitted carriers widely spread in −90
• < θ b < 90
• in the bilayer region. If an electron comes from the bilayer region, on the contrary, any incident angles can be allowed while the transmitted electrons are highly collimated in the monolayer to the different angle ranges depending on spins.
The spin-dependent refraction is attributed to the difference in the Fermi surface structure between the monolayer and bilayer TMDs, which are illlustrated in Fig.  3(d) . The monolayer's Fermi surface is completely spinsplit, and the up-spin and down-spin branches are located at K ′ and K points, respectively. On the other hand, the bilayer's Fermi surface is completely spin degenerate, and also it has the third pocket at Γ point besides K and K ′ . Due to the condition of a homogeneous carrier density, the total area enclosed by the Fermi surfaces is exactly equal in monolayer and bilayer. As a consequence, the size of the K and K ′ pockets are significantly smaller in the bilayer than in the monolayer, because in bilayer, the Fermi surface is doubled due to the spin degeneracy and also the area of the Γ pocket reduces the share of K and
Because of the translation symmetry in the y axis, the transverse momentum p y is preserved in the transmission process. The change of the traveling angle can be found by comparing the velocity vectors (normal to the Fermi surface) of the monolayer and bilayer states sitting at the same p y . As shown in Fig. 3(d) , the smaller Fermi surface of the bilayer restricts the corresponding monolayer region to a portion of the whole Fermi surface, in which the velocity direction varies only slightly due to the trigonal warped character of the equi-energy surface. This explains the reason why monolayer's electrons within only a small angle range can transmit to the bilayer region. As the up-spin (K ′ ) and down-spin (K) Fermi surfaces are mirror symmetric about the x axis, the up-spin and down-spin electrons are refracted in the opposite direction with respect to θ = 0, as shown in Fig.  3(c) . The carrier density assumed in Fig. 3 was chosen in such a way that the Fermi energy comes slightly above the lower branch of the spin-split valence bands of the monolayer MoTe 2 . This is the maximum hole density (i.e., the lowest Fermi energy) under the condition that each of K and K ′ valleys is dominated by a single spin. If we raise the Fermi energy toward the valence band maximum, the difference in the refraction angle between up and down spins gradually decreases. This is because the Fermi surface becomes more circular near the band edge (i.e., the trigonal warping is weaker) so that the transmission becomes more symmetric with respect to θ = 0, and that reduces the spin dependence of the transmission.
FIG. 5.
Spin filtering effect in Y-junction fabricated on the monolayer-bilayer boundary of hole-doped TMD, for the electron beam injected from (a) the bilayer region and (b) the monolayer region. Fig. 4 presents similar calculations for other TMDs, MoSe 2 , WSe 2 , and WTe 2 . We see that those materials share a basically similar characteristics of the Fermi surface and the nature of the spin-dependent refraction. In the transition-metal disulfides MS 2 (not shown), on the other hand, the valence electrons are completely reflected at the atomic step, because the low-energy spectrum of the bilayer is dominated by Γ point, and the transmission from K and K ′ points of the monolayer side is completely blocked due to the momentum mismatch.
We can exploit the atomic step on TMD as a spin splitter which spatially separates up-spin and down-spin electrons, simply by passing the electric current through the boundary. For example, we can consider a Y-shaped junction fabricated on monolayer-bilayer boundary of hole-doped TMDs as shown in Fig. 5 , where a single strip in the bilayer region forks into two branches in the monolayer region. If the spin-unpolarized electric current is injected from the bilayer side, it separates into the up-spin and down-spin currents in different branches of the monolayer due to the spin-dependent collimation effect, as shown in Fig. 5(a) . When the spin-unpolarized current is put from one of the monolayer branches, on the contrary, only a single spin can enter the bilayer region [ Fig. 5(b) ], because of the spin and angle selective transmission from the monolayer region.
To conlcude, we studied the electron transmission at the monolayer-bilayer atomic step of TMDs, and find the spin-dependent refraction effect which separates the upspin and down-spin carriers into different traveling directions. The phenomena suggest a potential application for the spintronic devices which transfers the spin informa-tion into the electric information.
We would like to thank Professor Takashi Koretsune for his help in using the quantum-ESPRESSO and Wannier90 packages. This work was supported by Grants-inAid for Scientific research (GrantsNo. 24740193 Figure 6 schemtically illustrates the tight-binding model for the TMD monolayer-bilayer junction. The system is translationally symmetric in the y direction, so that it is reduced to a one-dimensional system labeled by the momentum p y . The unit cell of monolayer (bilayer) region contains two (four) transition-metal atom and four (eight) chalcogenide atoms. Note that the unit cell here is twice as large as the primitive unit cell of the bulk TMD because of the armchair geometry. We consider five d-orbitals for each transition-metal atom and three p-orbitals for each chalcogenide atom, which sum up to 22 (44) orbitals per spin in monolayer (bilayer) unit cell. The hopping parameters of the tight-binding model are derived by computing the maximally localized Wannier Functions by applying Wannier90 to the first principle electronic density. First we construct the spin-less tightbinding model neglecting the spin-orbit interaction, and introduce the spin-orbit coupling by adding the appropriate L · s term to the transition-metal atoms. 33 The up-spin and down-spin states (with respect to z axis) are completely decoupled even in presence of the spin-orbit coupling, and therefore we can calculate the transmission probability for each spin state separately.
The tight-binding Hamiltonian for the monolayerbilayer junction for given p y and spin state s =↑, ↓ is written as (2N × 2N ) matrices, where h(h) describes the matrix elements inside the unit cell and t(t) describes the matrix elements between neighboring cells in the monolayer (bilayer) region. The hopping between monolayer and bilayer regions (i.e., between j = 0 and 1) is described by t b , which is N × 2N matrix. In this paper, we assume that t b is equivalent to the half submatrix oft, i.e., we borrow all the hopping parameters from bulk bilayer and neglect the non-existing upper layer in the monolayer side. We can safely neglect further hopping elements between j and j + n (n ≥ 2) , which are sufficiently small.
